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Temperatures in the Succulent Karoo, South Africa, are 
predicted to increase by 1-3°C over the next 50 years. 
Four species from the semi~arid Succulent Karoo were 
grown under differing temperature regimes in order to 
determine their photosynthetic acclimation potential, 
using gas exchange and carbon stable isotope compo-
sition (BI 3C) techniques. Three species are evergreen 
leaf succulent shrubs (Zygophyl/um prismatocarpum E, 
Mey, ex. Sand., Stoeberia ulilis (L. Bolus) Van Jaarsveld 
and Ruschia spinosa (L.) Dehn), and one species is a 
drought-deciduous shrub (Tripleris sinuala (DC.) [previ-
ously Osleospermum sinualum (DC,) NorL]), Plants 
were not subjected to water stress, and thus operated in 
the C, photosynthetic mode, It was predicted that the 
Introduction 
Climate change has been identified as one of the mas I sig-
nificant global threats to Ihe environment (IPCC 1996). Due 
primarily to unabated emissions of carbon dioxide (CO,) and 
other greenhouse gases, global temperatures may have 
already increased by about OSC over the last century, and 
are predicted to rise even further. For sub-Saharan Africa, 
Global Circulation Models (GCMs) predict an increase of 
1-3' C over the next 50 years (Anonymous 1998). Arid 
southern Africa could be particularly vulnerable due to its 
inherently low and variable rainfall (Anonymous 1998). Most 
deserts are likely to become more extreme under current cli-
mate change scenarios (Noble and Gitay 1995). For South 
Africa, we have almost no information on potential plant 
responses to fu ture temperature increases, and in fact, we 
understand very little about the underlying plant ecophysio-
logical responses and sensitivity to fluctuating temperature 
in general. This study focuses on the temperature respons-
es of shrub species from the Succulent Karoo of South 
Alrica. This winter-rainfall desert boasts an exceptionally 
high plant species diversity (primari ly of leaf succulent 
shrubs) (Cowling et a/. 1998), that is potentially threatened 
by expected cl imate changes. 
photosynthetic temperature optima (Topt) and the O" C 
values would increase with an increase in growth tem~ 
perature (treatment) and seasonal temperature regimes 
in the evergreen, but not in the drought-deciduous 
species. However, both growth forms showed photo-
synthetic acclimation (increasing Topt) in response to 
increasing temperature. SllC also increased with 
increasing temperature in all species, indicating 
improved intrinsic water use efficiency, It is unlikely that 
photosynthetic capacity of these shrubs will be nega-
tively impacted by increasing temperatures alone and 
their responses to climate change may depend more on 
simultaneous changes in water supply. 
Photosynthesis and net primary productivity of plants are 
generally enhanced with moderate increases in tempera-
ture, up to an optimum, after which higher temperatures 
become stressfu l and carbon assimilation and growth are 
reduced (Seeman el al. 1984). In perennial plants, photo-
synthesis is broadly optimal within a temperature range that 
reflects the leaf temperatures that can be maintained under 
ambient temperature regimes. Perennial plants generally 
exhibit photosynthetic responses to changing temperature 
that reflect the temperature regimes of their habitats (Berry 
and Bjorkman 1980). In addition, many plants are able to 
acclimate to longer-term seasonal thermal fluctuations by 
changing Iheir photosynlhetic temperatu re optima (T ~,) to 
allow maintenance of favourable rates of carbon assimilation 
throughout the year (Berry and Bjorkman 1980). In these 
cases, T", tends to 'track' changes in the plant's thermal 
environment, often reflecting the mean maximum tempera-
ture (Slatyer and Morrow 1977) or the mean daily tempera-
ture (Battagl ia et al. 1996) of the week or two prior to the 
date of measurement. Desert evergreens e.g. Larrea spp., 
Hammada scoparia, show acclimation to different tempera-
ture regimes (Strain and Chase 1966, Lange et al. 1974, 
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1978, Badger el al. 1982), while drought-deciduous species 
are believed to exhibit little or no photosynthetic temperature 
acclimation (Strain and Chase 1966, Ehleringer and 
Bjorkman 1978, Smith and Nobel 1986). The latter appar-
ently respond to high temperatures by morphological 
changes (e.g. leaf size or pubescence) or dehiscence, 
rather than physiological means (Smith and Nobel 1977, 
1978, Ehleringer and Mooney 1978). Few comparable stud-
ies have been conducted on leat succu lents, although some 
research has indicated photosynthetic acclimation to tem-
perature in large stem succulents (Nisbet and Patten 1974, 
Nobel and Hartsock 1981). No studies have been conduct-
ed on temperature acclimation potential of South African 
Succulent Karoa species. However, photosynthetic rates in 
a drought-deciduous South African leaf succulent species 
were found to be relatively insensitive to temperature 
changes (N Phillips, in Rutherford 1991). 
Measurements of current photosynthesis provide a 'snap-
shot' of responses to treatment conditions at certain times 
(see Bowie el al. 2000). Another approach is to study longer-
term integrated measures of plant function. The stable car-
bon isotope composition (b I3e) of leaves in response to envi-
ronmental fluctuations is a useful indicator of long-term 
changes in the balance between CO, supply rate, as con-
trolled by stomatal conductance (9' , and CO, assimilation 
rate (A) (Ehleringer 1993). Plants discriminate against the 
heavier isotope 13C compared to the lighter 12C during photo-
synthesis, which is reflected in a lower ratio of 13C:'2C 
(expressed as o" C) than that of Ihe atmosphere. Since this 
discrimination is directly related to the ratio of intercellular 
CO, concentration (c,) to ambient CO, concentration (c.) at 
the time of carbon fixation (Farquhar el al. 1982), o"C is a 
good estimate of intrinsic water use efficiency (Algs) in C3 
plants (Farquhar el al. 1988; Hubick and Gibson 1993). Any 
changes in N g., (and therefore O" C) indicate a differentia l 
response of A and 91, to changing environmental conditions, 
such as water stress (Ehleringer 1993; Rundel and Sharifi 
1993). Increasing (less negative) O" C with increasing water 
stress is associated with stomatal closure and decreasing 
oJc •. This phenolypic plasticity may extend to other environ-
mental stresses, such as high temperatures. Increasing tem-
perature influences both photosynthetic capacity and respi-
ratory carbon losses directly, and stomatal conductance indi-
rectly via changes in vapour pressure deficit (VPD), and 
could conceivably alter (5'3C through the season even under 
well-watered conditions. Unfortunately, most studies of sea-
sonal variation in O'3C in arid environments do not distin-
guish between the effects of increasing water stress and ris· 
ing temperatures. 
This study investigated the potential responses of 
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Succulent Karoo shrubs to increasing temperature, simulat· 
ing cl imate change. We determined the photosynthetic accli-
mation potential of an evergreen leaf·succulenl shrub and a 
non·succulent drought·deciduous shrub grown under differ· 
ent temperature regimes and changing seasonal tempera· 
lures. In addition, we measured the plasticity of leaf 8'JC 
composition of these and two other evergreen leaf· succulent 
shrubs grown under the same treatments. We predicted that 
the drought-deciduous species would be less able to accli -
mate to changing temperatures than the evergreen species. 
In the context of expected global warming, our main objec-
tive was to establish the photosynthetic resil ience of these 
species under high temperatures. 
Materials and Methods 
Plant growth and temperature treatments 
Four species representing three large families in the semi· 
arid winter-rainfall Succulent Karoo of South Africa were 
selected for study - viz: Ruschia spinosa (L.) Dehn, 
Sloeberia ulilis (L. Bolus), Tripteris sinuala (DC.) and 
Zygophyl/um prismatocarpum E. Mey. Ex. Sond. (Table 1). 
All species are dwarf « 0.5m) shrubs and have succulent 
leaves except for T. sinuata which is a non·succulent, 
drought deciduous species (Table 1). Young (approximately 
two years old) Z. prismalocarpum and S. ulilis plants were 
excavated at Augrabies (29' 16'S, 17' 05'E) near Port 
Nolloth, and potted into 20 or 25cm diameter round plastic 
pots using a standard Kirstenbosch potting mix (coarse 
sand:leaf mould:loam, 2: 1:1 , vol:vol). Established (approxi-
mately lour years old) T. sinuala and R. spinosa plants 
growing in 40cm diameter plastic pots were obtained from 
the Worcester Veld Reserve (32'50'S, 19'56'E). All plants 
were allowed to establish and acclimate inside a green· 
house at Kirstenbosch (Cape Town) for six months. 
In February 1997, twelve plants of each species were ran-
domly allocated to three adjacent polycarbonate greenhous-
es (four plants per species in each greenhouse) at 
Kirstenbosch with differing temperature characteristics, 
termed low (~ ambient or 'control'), intermediate and high 
temperature treatments). These treatments were achieved 
due to differing greenhouse sizes and cooling systems, but 
light intensities were comparable at about 90% of incoming 
solar radiation. Although this experimental design suffers 
from so-called 'pseudo-repl ication' (it being impossible to 
replicate the greenhouses), it offered an inexpensive and 
Simple way of studying responses to increasing temperature 
under near-natural seasonal light conditions. Greenhouse 
temperatures were recorded continuously for the duration of 
Table 1: Taxonomic and form/function characteristics of the four species studied 
Species 
Zygophylfum prismatocarpum 
Stoeberia uti!is 
Ruschia spinosa 
Tripteris sinuata 
Family 
Zygophyllaceae 
Mesembryanthemaceae 
Mesembryanthemaceae 
Asteraceae 
Growth form Photosynthetic pathway 
Lear succulent shrub; evergreen CJ 
Leaf succulent shrUb; evergreen C3-
Leaf succulent shrub; evergreen C3-
Non-succulent shrub; drought deciduous CJ 
a These species are possibly capable of switching between C3 and CAM under certain conditions, but were only C3 in this study 
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the experiment using shaded thermistors connected to a 
data logger (MC Systems, Cape Town). Mean midday 
(12h00-1 ShOO) air temperatures for each greenhouse and 
season are presented in Table 2 . Treatment temperature dif-
ferences varied with season but were generally well main-
tained. Differences were smaller between the low and inter-
mediate temperature treatments than between the interme-
diate and high temperature treatments (Table 2). In winter, 
temperatures were about 3' C higher in the high than the low 
temperature treatments. This difference increased to about 
S.5°C in autumn and summer, and to BOC in spring. 
Greenhouse air humidity was not measured , but it was 
assumed that vapour pressure deficit increased with 
increasing greenhouse temperature, broadly simu lating field 
conditions. 
Midday greenhouse temperalures (low temperature treat-
ment) in summer (=30'C) were a few degrees warmer than 
those generally experienced in the coastal regions of the 
Succulent Karoo (25-27.5' C, Schulze 1997), but compara-
ble to those of the inland regions of the biome (27.5- 30°C) . 
Temperalures along the coast are ameliorated by the cold 
Benguela current and the annual temperature range is usu-
ally less than 6' C (Desmet and Cowling 1999). However, the 
inland regions show greater seasonal variabil ity. Increases 
in mean midday temperature in the greenhouses from win-
ter to summer varied between 6 and gOG. 
Watering and fertilisation regimes were applied in order to 
minimise potential variation between plants due to varying 
pot sizes. All plants were hand-watered to field capacity two 
to three times weekly since the smaller pots in particular 
dried out fairly quickly, with a risk of plant mortality. An organ-
ic liquid fertiliser (Seagro, Cape Town, 40ml diluted to 251) 
was applied every second month, the volume per pot 
depending on the soil volume. Small pots (5 650cm' ) 
received 220m!, medium-sized pots (11 410cm') received 
450ml, and large containers (18 490 cm') received 740ml of 
fertiliser solution. 
Photosynthetic temperature responses 
Measurements were performed in spring (September 1997) 
and in summer (January 1998) . A LI-6400 photosynthesis 
system (Li-Cor, Lincoln , NE, USA) , was used to investigate 
gas exchange rates in response to changing leaf tempera-
tures of Z prismatocarpum and T. sinuata. Owing to difficul-
ties in measuring highly succulent cylindrical leaves (A. 
spinosa, S. utilis), research was focussed on the two 
species with dorsiventrally flattened leaves. Leaf tempera-
tures were measured with a thermocouple inside the cuvette 
and were controlled electronically by means of Peltier 
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blocks. Leaf temperatures were raised in steps of 2- 5<1C 
from approximately 15-18' C to 33-40' C. Gas exchange 
was allowed to equilibrate at each temperature setting 
before the readings were taken . Light was supplied by an 
internal light source (LI-6400-02B red/blue LED, Li -Cor, 
Lincoln, NE, USA), and controlled at a photosynthetic pho-
ton flux density (PPFD) of 800-1 OOO~mol m's ' . 
Photosynthetic light response curves obtained by stepwise 
reduction of irradiation from 1 000 to OJ..Jmol m'2s·1 showed 
that both species were light-saturated at 800~mo l m ' s ' 
PPFD for all temperalure Ireatments (Figure 1). Cuvette CO, 
concentration was controlled at 360~mol mol ' (ambient CO, 
level) using soda chargers in order to eliminate the potential 
effects of local CO? fluctuations. Leaf-to-air vapour pressure 
deficit (VPD) during measurement did not exceed 3.5kPa in 
spring and 4.9kPa in summer, and at these maximum values 
(the last measured pOint at the highest leaf temperature) 
stomatal conductance sometimes showed slight reductions. 
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Figure 1: Photosynthetic responses to light (PPFD = photosynthet-
ic photon flux density) of Zygophyllum prismatocarpum and Tripteris 
sinuata under three temperature treatmen ts in spring (September), 
showing light sa turation at about BOO~mol m 2S 1 
Table 2: Midday (12hOO-1ShOO) treatment temperatures (in <lC) expressed as means ± standard deviations recorded from March 1997 until 
February 199B. 'Autumn' represents the months March, April and May; 'Winter' represents the months June, July and August ; 'Spring ' repre-
sents the months September, October and November and 'Summer' represents the months December, January and February 
Treatment temperatures Autumn Winter Spring Summer 
Low 26.4:t; 1.9 24.9 ± 1.5 26.8 ± 3.7 30.8 ± 2.9 
Intermediate 27.4 ± 1.9 25.1:t; 1.7 2B.9 ± 3.0 32.7 ± 2.6 
High 31.7 ± 3.6 28.1 ±3.0 34.8 ± 3.8 36.6 ± 2.6 
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This was unavoidable, but not critical to the results since th is 
would be the situation in the field under high temperatures. 
Measurements were performed on one mature and 
healthy leaf on two to three plants from each temperature 
treatment. Immediately following gas exchange measure~ 
menls, the area of the leaf enclosed inside the cuvette was 
determined using a digital image analysis system (Detta-T 
Devices, Cambridge, England). Net CO, assimilation rate 
(A) was calculated on a leaf area basis. 
Photosynthetic temperature response curves were fitted 
individually using non-linear regression and a 2nd-order 
polynomial (UNISTAT 3.0). The fitted curve coefficients (a, b 
and c) were then used to calculate the temperature (T .... ) at 
which the maximum rate 01 net C02 assimilation was 
achieved, using differentiation (I.e. x, where b + 2 cx ; 0). 
Stable carbon isotope analyses 
Recently mature leaves were collected in winter (June) and 
summer (January) from plants grown in the low, intermedi-
ate and high temperature treatments. Four leaves were col-
lected from three plants in each temperature treatment for 
each species. The leaves were dried in an oven at 70°C for 
72 hours. The dried leaf samples were ground in a Wiley Mill 
using a 20 mesh screen. 
Dried powdered leaf material was oxidized, and the C02 
gas yields determined manometrically. The 13C/12C ratios 
were measured with a VG 602E dual inlet, double collector 
ratio mass spectrometer (at the Archaeology Department, 
University of Cape Town) , against a secondary CO, refer-
ence gas, calibrated against six National Bureau Standards 
(N.B.S). 13C/12C ratios are reported in the c; notation against 
a Pee Dee Selemite marine limestone standard, as per mil 
(%,) where: 
i)"C(%o) ; [R(sample)/R(slandard)-1 J x 1 000, and R ; 
nCP1C 
Precision , as determined from duplicate analyses, was bet-
ter than 0.1%0. 
Leaf area determinations 
Leaf area measurements were performed on three plants 
per species and treatment at monthly intervals (only results 
for T sinuafa and Z. prismafocarpum are presented). 
Individual leaf areas were determined on ten mature leaves 
per plant and ave raged . Leaf length (L) and width (W) was 
measured and area calculated as (rrLW)/4 to correct for leaf 
shape. 
All results (except for leaf area) were analysed using a 
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three-way ANOVA (UNISTAT 3.0) with temperature treat-
ment, season and species as factors. A value of P .$. 0.05 
was regarded as statistically significant, with one exception: 
P ; 0.0505 was also regarded as statistically significant 
(Table 6). Leaf area data were subjected to repeated meas-
ures two-way ANOVA for each species. 
Results 
Individual (replicate) photosynthetic temperature response 
curves in spring (September 1997) and summer (January 
1 99B) are given in Figure 2 fo r Zygophyl/um prismafocarpum 
and in Figure 3 for Tripteds sinuata. Photosynthetic temper-
ature optima are given in Table 3. A three-way ANOVA 
showed significant differences in Tool between temperature 
treatments (Table 4). T ~ for both Z. prismalocarpum and T. 
sinuata was generally higher in the high temperature treat-
ment, irrespective of season (Table 3). compared to T." for 
plants grown in the low and intermediate temperature treat-
ments. In spring , T ~ for both species in the high tempera-
ture treatment was 25-26°C, while in the low and intermedi-
ate temperature treatments T~pl was on average 23°C. These 
values shifted in summer to 32-33°C and 28°C, respective-
ly. Significant seasonal differences in Tope were obtained for 
both species in all three temperature treatments (Table 4), 
with T cpI values higher in summer (on average 30°C) than in 
spring (24' C) (Figures 2 and 3, Table 3). Mean T ""' va lues 
for Z. prismalocarpum ranged from 21 ' C to 32'C as the sea-
son progressed, and for T. sinuata T ~ values ranged from 
24'C to 33' C during the same period (Table 3). 
Leaf Ol3C values of Z pdsmatocarpum, Stoeberia uti/is, T. 
sinuata and Ruschia spinosa plants grown in low, intermedi-
ate and high temperature treatments, for winter (June 1997) 
and summer (January 199B), are given in Table 5. A three-
way ANOVA (Table 6) revealed significant main effects for 
Table 4: The resu lts of an analysis of variance (three way ANOVA) 
of photosynthetic temperature optima in response to temperature 
treatments (low. intermediate and high) and season (spring and 
summer) for Z prismatocarpum and T. sinuata. Significant values 
are in bold 
Factor Degree of freedom P-value 
Main effects 4 0.0000 
Season 0.0000 
Species 0.1831 
Treatment 2 0.0015 
Season x Species 0.9948 
Season x Treatment 2 0.3663 
Species x Treatment 2 0.2105 
Season x Species x Treatment 2 0.4917 
Table 3: Temperature optima (in 0c) for photosynthesis obtained in Spring (September) and Summer (January) for Z pn"smatocarpum and T. 
sinuata in low, intermediate and high temperature treatments. The values are expressed as means (n = 2 or 3, except n = 1 for T. sinuata in 
Spring in the intermediate temperature treatment) 
Spring Summer 
Species Low Intermediate High Low Intermediate High 
Z. pn"smatocarpum 24 21 26 29 28 32 
T. sinuata 24 26 25 29 30 33 
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Figure 2: Effect of growth temperature regime on photosynthe tic temperature responses of Zygophylfum prismatocarpum in spring 
(September) and summer (January). Replicate curves are presented for the low temperature treatment (A). the intermediate temperature 
trea tment (8). and the high tempera ture treatment (C) 
season, species and treatment, as well as a season by 
species interactive effect. In general, o13e values were high-
er (less negative) in the high temperature treatment (mean 
of -26.9%0) than in the low (mean of -27.9%0) or intermediate 
(mean of -28.3%0) temperature treatments. Z. prismato-
carpum and T. sinuata had lower 6" C values (mean of -29.4%0) 
compared to S. utilis and R. spinosa (mean of -25.8%.). 6" C 
increased from winter to summer in all species, but relative-
ly more so in Z. prismatocarpum and T. sinuata than in S. 
uti/is or R. spinosa. 013C values for all four species studied in 
both seasons indicated that these plants were operating in 
the C, photosynthetic mode (the range for C, plants is about 
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Figure 3: Effect of growth temperature regime on photosynthetic temperature responses of Tripteris smuata in spring (September) and sum-
mer (January) . Replicate curves are presented tor the low temperature treatment (A) , the intermediate temperature treatment (8) , and the 
high temperature treatment (C) 
-20 to -35%0, on average -27%0, Vogel 1993). 
Individual leaf area generally increased throughout the 
study period in both T. sinuata and Z. prismatocarpum 
(Figure 4). Significant treatment effects were found in both 
species (Table 7). Leaf areas of T. sinuata were larger in the 
low temperature treatment for most of the year, compared to 
the higher temperatures. In Z. prismatocarpum, plants grow-
ing in the intermediate temperature greenhouse had larger 
leaves compared to the low and high temperatu re treat-
ments. 
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Table 5: (i' 1C values of Z. prismatocarpum. S. util. R. spinosa and T. sinuata leaves grown in low, intermediate and high temperature treatments and 
measured in winter (June) and summer (January). Values are means (n = 3) ± std deviation 
Winter Summer 
Species Low Intermediate High Low Intermediate High 
Z. prismatocarpum -30.5 ± 1.2 ·30.8 . 0.4 ·29.2. 1.0 ·28.3 . 0.7 -30.7 ± 1.0 ·27.8 . 0.7 
S. uli/is ·25.9,0.0 -26.2. 1.2 -26.2 ± 0 .2 
-25.6".0 -27 .1 ± 0.6 -24.7.0.5 
R. spinosa -26.4 ± 0.3 -26.7.0.2 -25.1 ± 0.5 -25.5.0.6 -26.6.0.2 -23.9.0.6 
T sinuata -30.2 ± 0.9 -30.8 ± 1.2 -29.1 .0.3 -28.6 . 0.5 -28.5 ± 1.1 -27.8.0.6 
Table 6: The results of an analysis of variance (three-way ANOVA) 
01 a'le values in response to temperature treatments (tow, intermediate 
and high) and season (winter and summer) for Z. prismatocarpum, S. 
utiJis, R. spinosa and T. sinuata. Significant values are indicated in 
bold 
Factor Degree of freedom P-value 
Main effects 6 0.0000 
Season 1 0.0000 
Species 3 0.0000 
Treatment 2 0.0000 
Season x Species 3 0.0505 
Season x. Treatment 2 0. 1418 
Species x. Treatment 6 0.3662 
Season x. Species x Treatment 6 0. 1505 
Discussion 
Results for both photosynthetic temperature optima and car-
bon isotope composition of Succulent Karco species show 
gradual adaptation to changing temperature regimes. In 
general. the photosynthetic temperature optima (T ~,) of both 
Zygophyl/um prismatocarpum and Tripteris sinuala followed 
the trends in greenhouse average ambient air temperatures 
measured during spring and summer, with T <!pi rising as 
ambient air temperature increased (Tables 2 and 3). In both 
seasons, the largest differences in T QP4 were found between 
the low and intermediate temperature treatments, and the 
high temperature treatment, reflecting the relatively smaller 
temperature difference between the former two treatments 
than between these and the high temperature treatment 
(Table 2). Absolute T w values were consistently lower than 
mean air temperatures, particularly in the high temperature 
treatment, where T opI was on average 6°C lower than mean 
air temperature. This is probably due to the maintenance of 
lower leaf temperatures than air temperatures through evap-
orative cooling, in the absence of soil water deficits. T cpI, did 
not rise above about 33°C, which is consistent with the 
apparent 'ceiling' of about 3~-32°C for many C, species 
(Pearcy el al. 1981 . Anderson 1982. Sage el al. 1995). 
Temperature acclimation is generally attributed to changes 
in intrinsic characteristics of the photosynthetic apparatus 
(Berry and Bjorkman 1980). involving the enhancement of 
the stability of light-activated photosynthetic enzymes 
(Armond et al. 1978. Badger el al. 1982). 
Both Z. prismalocarpum (an evergreen leaf succulent 
shrub) and T. sinuala (a drought-deciduous non-succulent 
shrub) exhibited photosynthetic acclimation and leaf mor-
Table 7: The results of an analYSIS of variance (repeated measures 
two-way ANOVA) of individual leaf area in response to temperature 
treatments (low, in termediate and high) and monthly climatiC 
changes of T sinuata and Z. prismalocarpum ptants rrom February 
1997 until January 1998. Significant values are in bold 
P-values 
Factor Degree of freedom T. sinuata Z. e.rismalocareum 
Main effects 13 0.0000 0.0001 
Trea tm enl 2 0.0007 0.0001 
Month 11 0.0000 0.0068 
Treatment x Month 22 0.8149 1.0000 
phological responses to changes in growth (temperature 
treatment) and seasonal temperatures. There is substantial 
evidence that C3 desert evergreens can acclimate in 
response to changing environmental temperatures: Larrea 
divaricata (Strain and Chase 1966). Hammada scoparia 
(Lange el al. 1974. 1978). and Nerium oleander (Badger el 
al. 1982) aU show an increase in TOD" with increasing air tem-
peratures. Physiological temperature acclimation clearly 
would playa major role in the ability of desert evergreens to 
maintain metabolic activity and growth throughout the year, 
particularly in the face of potential reductions in leaf area. 
However, our results for the drought-deciduous species 
were unexpected. The literature suggests that, although 
drought-deciduous species may adapt morphologically 
(Smith and Nobel 1977). they display very limited or no 
capacity for physiological acclimation in response to chang-
ing growth temperatures e.g. Encelia farinosa and 
Hymenoclea salsola (Strain and Chase 1966. Ehleringer 
and Bjorkman 1978). Our results showed significant differ-
ences in T <>PI in T. sinuata between seasons and between 
growth (treatment) temperatures, comparable to that exhib-
ited by the evergreen species. The significance of this find-
ing deserves further study. T sinuala did not experience 
strong drought stress during the experiment and did not 
shed a significant proportion of its leaves. Under these con-
ditions of extended leaf life-span and maintenance of photo-
synthetic capacity. it may be beneficial to acclimate physio-
logically 10 higher temperatures. The previously reported 
absence of acclimation in drought-deciduous species is pos-
sibly not due to an inherent inability to acclimate biochemi-
cally. but attributable to strong reductions in photosynthetic 
capacity and eventual leaf loss brought on by water stress. 
The 8"C composition of all species Indicated that they 
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Figure 4: Changes in individual leaf area (cm~) of Tripteris sinuata and ZygophylJum prismatocarpum grown under low, intermediate and high 
temperature treatments from February 1997 until January 1998, Data presented are means for three plants (10 leaves per plant) for each 
species and temperature treatment. with standard error bars 
were operating in the C, photosynthetic mode. Although 
Stoeberia uti/is and Ruschia spinosa are likely capable of 
shifting to the CAM photosynthetic mode under certain field 
conditions (Rundel et al. 1999) o" C values in this study indi-
cated no shift from C, to CAM in these two species in 
response to increasing temperatures. Water availability is 
thought to be the principal factor responsible for such shifts 
in leaf succulent species. However, we do not exclude the 
possibility that some PEP carboxylase (the primary enzyme 
associated with CAM photosynthesis) activity may have 
occurred in S. utilis and R. spinosa, which could explain the 
slightly less negative SUG values in these species. 
Sl3G composition was significantly higher (less negative) 
under the high temperature treatment than under the low 
and intermediate temperature treatments. This reflects a 
higher intrinsic water use efficiency (Ng,) and lower c.:c. 
ratio in the former treatment. In winter, absolute rates of pho-
tosynthesis and stomatal conductance (Bowie et al. 2000) 
suggest that th is was attributable to enhancement of photo-
synthesis (A) in Z prismatocarpum and a reduction in gs in 
T. sinuata respectively under the high temperature treat-
ment. In summer, higher SlJG in Z. prismatocarpum under 
high temperature was apparently due to stomatal closure. 
Gas exchange measurements were not performed on R. 
spinosa or S. uti/is. A similar increasing trend in ol3G was 
found with increasing seasonal temperature, irrespective of 
temperature treatment, but more so in Z prismatocarpum 
and T sinuata. These two species were less water-use-effi-
cient than R. spinosa and S. utilis (Bowie et a/. 2000), which 
may be explained by their differing leaf morphologies. R. 
spinosa and S. utilis possess cylindrical, highly succulent 
leaves, compared to the non-succulent leaves of T. sinuata. 
Although the leaves of Z. prismatocarpum are succulent. 
they are dorsiventrally flallened and have a higher ratio of 
leaf surface area to leaf volume than R. spinosa and S. utilis, 
which would render them more sensitive to evaporative 
demand. This aspect deserves further study. 
The physiological acclimation potential observed in these 
species suggesls that they are capable of adjusling 10 high 
temperatures at the leaf level, both by shifting T"" and by 
regulating stomalal conductance to improve intrinsic water 
use efficiency, as shown by carbon isotope composition. 
However, at Ihe whole plant level in a field situation, mainte-
nance of productivity and fitness will depend on the interac-
tion between temperature and water supply. Simultaneous 
heat and water stress in summer are characteristic of the 
Succulent Karoo winter ra infall climate. The species studied 
were photosynthetically quite resilient to high temperatures, 
as are many North American desert species (Seemann et al. 
1984). However, high temperatures could impact negatively 
on growth through increases in respiration, or through eco-
logical effects e.g. phenology and plant-animal interactions. 
We need to assess the potential effects of temperature 
changes at all scales and in combination with other expect-
ed climatic changes . 
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